Squirrel monkeys (Saimiri sciureus) were housed singly in cages equipped with a tree for climbing to measure locomotor activity, and with a movable food cup that could be arrested automatically. The animals were kept in continuous dim illumination (LL), twice interrupted by several weeks of entrainment by a light-dark (LD) 12:12 cycle. Apart from three control sections in which the food cups were unlocked continuously (ad libitum feeding), food was accessible for 3 hr per day only, with interfeeding intervals varying from 23 to 26 hr (periodic restricted feeding, or RF). During LD entrainment, the imposition of an RF schedule resulted in anticipatory behaviors, represented by increased tugs at the food cup and a pause in locomotor activity preceding the feeding time. In LL, the animals showed free-running circadian rhythms of locomotor and "feeding" activity that nearly always persisted when ad libitum feeding was replaced by RF. The period (&tau;) of the free-running rhythm was slightly modulated in relation to the varying interfeeding intervals (T, , but entrainment was never achieved except in one test with an animal whose &tau; was very close to T. It is concluded that periodic availability of food represents an extremely weak zeitgeber, if any, for the circadian pacemaker of squirrel monkeys.
Off and on, it has been claimed that circadian rhythms can be entrained by periodic availability of food (Meyer-Lohmann, 1955; Aschoff, 1960) . A recent discussion of the subject states that &dquo;food made available only at a particular time of day will entrain the circadian system of most mammalian species&dquo; (Moore-Ede et al., 1982, p. 222) . What is the evidence on which this hypothesis rests? Sometimes reference is made to the fact that meal timing can drastically alter the phase of rhythms in animals synchronized to 24 hr by a light-dark (LD) cycle (Fuller and Snoddy, 1968;  Krieger, 1974; Nelson et al., 1975; Suda and Saito, 1979; Takahashi et al., 1979) . These observations do not document entrainment of the circadian pacemaker by feeding, because in testing a zeitgeber it is necessary first to demonstrate a free-running rhythm, and then to expose the system to periodic signals of the supposed zeitgeber only. The data on feeding effects obtained from animals in LD either represent masking of the overt rhythm or synchronization of an oscillatory subcomponent different from the circadian pacemaker (see below).
A small set of older data comes from experiments performed in continuous darkness (DD) or continuous light (LL). Under those constant conditions, shifts of rhythms due to shifting the time of feeding have been shown-for example, for locomotor activity in the rat (Richter, 1922) , and for body temperature in the chicken (Fraps et al., 1947) . Unfortunately, free-running rhythms were not measured in these experiments before or after the feeding schedule; hence, no strong conclusions can be drawn with regard to entrainment. There is, on the other hand, much evidence that in rats kept in constant conditions, periodic restricted feeding (RF) does not entrain the circadian pacemaker (Inouye, 1982) , but uncouples from the free-running rhythm a component that has oscillatory capabilities and that is entrainable by RF (Edmonds and Adler, 1977; Gibbs, 1979; Boulos et al., 1980; Coleman et al., 1982; Aschoff et al., 1983; Honma et al., 1983) . The relative independence of this component from the main circadian system is demonstrated by the observation that its entrainability by food persists after the animal has been made arrhythmic by lesions of the nucleus suprachiasmaticus (Stephan, 1981 (Stephan, , 1983 Boulos et al., 1980) . One set of data obtained with squirrel monkeys has been interpreted as demonstrating entrainment by periodic food availability (Sulzman et al., 1977a (Sulzman et al., ,b, 1978 . However, according to a subsequent note from the same laboratory, synchronization may have occurred because food was presented daily by the experimenter, thus providing additional time cues; in later experiments, unsignaled food availability did not entrain the free-running rhythms (Frim et al., 1984) . Using a similar technique, we have recorded the rhythms of locomotor activity and of grips at the food cup in squirrel monkeys kept in LL. As shown in the present report, the circadian rhythms of the animals nearly always continued to free-run during exposure to RF; there were only slight hints of potential entrainment when the feeding cycle was close to the circadian period.
METHODS AND EXPERIMENTAL PROTOCOLS
For a time span of 460 days, one female and two male squirrel monkeys (Saimiri sciureus) were kept singly in wire-mesh cages (base, 65 x 65 cm; height, 1.6 m) in a soundproof climatic chamber. The cages were separated by fiberboard partitions so that the animals had no visual contact. Acoustical contact was attenuated by constant background noise. Mutual entrainment between animals did not occur, as shown by consistent though small differences in the periods of rhythms when free-running.
Locomotor activity was measured by means of a tree for climbing, suspended on gimbals within each cage. Food was presented outside the cage in a cup arranged so that it could be tipped into the cage on a horizontal axis. The monkeys could reach the food by pulling a handle and thus tipping the food cup against a spring. When the animals let the handle go, the spring closed the cup by returning it to its initial position. Tipping of the cup could be prevented by activating a magnetic lock. Activation and deactivation of the lock was controlled automatically via a process timer. Electric impulses elicited by movements of the tree and by tugs at the food cup (whether locked or released) were fed into an event recorder and stored on tape for further analysis.
The animals were kept at an ambient temperature of 22.0 ± 1.0°C and under dim LL (5 lux), which was twice interrupted by several weeks of entrainment to LD 12:12 (L = 5 lux; D = dim red light). The food cup was unlocked either continuously .: ,l (ad libitum feeding) or for 3 hr only (RF) in intervals (T) varying from 23.0 to 26.0 hr. The different RF schedules were maintained for at least 14 days up to more than 2 months. Water was available all the time.
RESULTS
In conditions of dim LL, all animals showed free-running activity rhythms-not only during ad libitum feeding, but mostly also under the influence of RF. The mean circadian periods (T) and their standard deviations (SD), averaged from seven 10-day intervals during ad libitum feeding, were 24.38 ± 0.05, 24.47 ± 0.13, and 24.53 ± 0.16 hr. (The positive correlation between T and SD corresponds to a general characteristic of the circadian system; cf. Aschoff et al., 1971 .) When exposed to LD 12:12, the animals were readily entrained via a few advancing (animals 1 and 3) or delaying transients (animal 2); in the steady state, they were more or less continuously active during L, and at rest during D. Imposition of an RF schedule had only minor effects on the activity pattern in LD, as on the rhythm when free-running in LL (see below). The complete records from the three animals, reproduced in Figure 1 , document the findings in general.
A more detailed inspection of the actograms reveals that the free-running rhythms were slightly modulated in frequency, depending on the cycle (T) of the feeding schedule. Parts of the records shown in Figure 1 suggest the occurrence of relative coordination between rhythms and feeding cycle (e.g., between days 170 and 290). To analyze further the effects of T on the free-running rhythms, T values were computed for each section of the experiment in which T was held constant. The deviations of these T values from the overall mean T of each individual were then drawn as a function of T. As shown in Figure 2 , there seemed to be a weak positive correlation between T and T within a range of T 24 to T 25 (r for onsets = 0.56; r for ends = 0.67; p < 0.05); beyond these limits, T did not have systematic effects on T.
From the indications of relative coordination, and the scanty effects of T on T, it could be expected that a feeding cycle might be a potential zeitgeber that becomes effective only with T values within a narrow range around T. In view of this possibility, the experiment was terminated with feeding cycles of 24.5 hr (Fig. 1 , days 345 to 420). In the 10 days preceding this schedule, animal 1 had a circadian period of 24.72 hr. Under the influence of T 24.5, the period was shortened to 24.60 hr, but a stable phase relation to the feeding cycle was never reached. The phase angle difference between onset of activity and onset of feeding was 2.0 hr at the beginning of the schedule, and -2.4 hr at its termination as judged from the phase of the free-running rhythm after the masking effects of feeding had been removed (day 420). It is further noteworthy that the 3-hr shifts of the feeding cycle (delay at day 383, advance at day 403) did not affect the activity rhythm. From all this it must be concluded that the activity rhythm of animal 1 was not entrained, although its (initial) period differed from the feeding cycle by only 0.22 hr.
A different picture emerges from the record of animal 3. The period of the activity rhythm was 24.88 hr under T 23.0, nearly identical with the feeding cycle under T 24.5, and 24.92 hr in the final steady state of ad libitum feeding. The phase angle difference between rhythm and feeding cycle was 9.6 hr at the 10th day of the schedule, FIGURE 1. Circadian activity rhythms of three squirrel monkeys kept alternately in LL (5 lux) or an LD 12:12 cycle, and fed either ad libitum or for 3 hr per day only. The interfeeding intervals (T) varied from 23 to 26 hr, as indicated at the right margin. Original records are plotted three times along the abscissa; feeding time is indicated by two parallel lines only twice. The shaded areas indicate darkness (dim red light). The ordinate indicates days of experiment. FIGURE 2. Dependence of the circadian period (T) on the interfeeding interval (T), as measured in three squirrel monkeys during periodic RF. The T values were derived from eye-fitted lines drawn through onset and end of activity. The oblique dashed line represents the changes in T ? to be expected for completely entrained rhythms. ¡¡', and 11.2 hr from the 30th day onward. Furthermore, the two shifts of the feeding cycle were reflected in shifts of onset of activity. Together, these findings justify the conclusion that the rhythm of animal 3 was entrained by RF, even if it took about 30 cycles to reach a stable phase relationship. This view is strengthened by the obser-. vation that only in this animal was anticipatory pulling at the food cup clearly expressed in the steady state of the 24.5-hr schedule.
The record of animal 2 is difficult to interpret because feeding coincided with, and hence masked, the onset of activity. The end of activity kept a more or less stable phase relationship to the feeding cycle, and apparently followed the shifts of feeding time, with some delay. Since before and after RF the period of the free-running rhythm was slightly longer than 24.5 hr, the record of animal 2 could be classified as representing &dquo;entrainment.&dquo; The validity of this interpretation is challenged by a comparison of records 2 and 3 in Figure 1 . It seems unlikely that entrainment of two rhythms with similar circadian periods by the same zeitgeber could result once in a completely leading phase and once in a lagging phase. Given these observations, the rhythm shown in record 2 must be considered masked instead of entrained.
In addition to locomotor activity, as represented by movements of the trees, all attempts of the animals to tip the food cup into the cage were recorded. This rhythm of &dquo;feeding activity&dquo; was closely associated with the rhythm of locomotor activity. In other words, whenever the animals were active, they repeatedly pulled the handle of the cup even when it was locked; the tugs became more frequent when the lock was released to make food available. To exemplify the feeding pattern, a section of the record from animal 3 is reproduced in Figure 3 (left), together with the record of locomotor activity (right). During entrainment to LD and continuous availability of FIGURE 3. Circadian rhythm of locomotor activity (right) and of tugs at the food cup (left) in a squirrel monkey, kept alternately in LD 12:12 or in LL (5 lux). Ad libitum feeding was replaced by 3 hr food per cycle at day 53. Feeding time is indicated by two parallel lines; T is the interfeeding interval. The shaded areas indicate darkness (dim red light). From Aschoff (1986) . Reprinted by permission of Monitore Zoologico Italiano. food (cup released), tugs at the cup were frequent throughout L (first 7 days of the record in Fig. 3 ). Shortly after the beginning of RF, tugs became more frequent in the hours preceding the feeding time, and were most intense as long as the cup could be tipped; no tugs occurred in the remaining hours of L while the cup was locked. When LD was replaced by LL (day 82), the &dquo;feeding&dquo; rhythm started to free-run in synchrony with the rhythm of activity; superimposed on it were frequent tugs (and actual food intakes) during the feeding time. A second exposure to the LD zeitgeber (day 109) reintroduced the pattern of anticipatory pulling. In the record of locomotor activity (Fig. 3, right ), this anticipation of the feeding time is reflected in a decrease of tree movements, especially evident after day 113.
To illustrate further the synchrony between the free-running rhythms of &dquo;feeding&dquo; and locomotor activity, records from animal 1 are reproduced in Figure 4 . It includes the last part of the first RF sequence, the following 27 days of ad libitum feeding, and the beginning of the RF schedule with T 23.0. The records demonstrate that the two rhythms were not only in synchrony, but also in phase with each other; pulling began simultaneously with the onset of activity. Feeding time, in addition to producing FIGURE 4. Circadian rhythm of locomotor activity (right) and of tugs at the food cup (left) in a squirrel monkey kept in LL (5 lux) and fed either for 3 hr per cycle or ad libitum. Feeding time is indicated by two parallel lines; T is the interfeeding interval. strong masking of both rhythms, occasionally was preceded by a few tugs at the food cup.
DISCUSSION & d q u o ;
The three squirrel monkeys that we tested were hardly ever entrained by periodic availability of food, even if T of the feeding cycle was close to T of the free-running rhythm. Satisfying evidence for entrainment was provided only in one test by one animal whose period was about 24.9 hr prior to its exposure to T 24.5 (Fig. 1, animal  3) ; one other test gave no clear results because of masking (Fig. 1, animal 2) . In all other instances, the rhythms of the animals continued to free-run during RF. On the other hand, effects of the feeding cycle on the rhythms were indicated by the occurrence of relative coordination, resulting in a slight dependence of T on T within narrow limits (Fig. 2) . The conclusion is drawn that periodic food availability must be considered an extremely weak zeitgeber, if any, in squirrel monkeys.
Our results agree with those reported by Frim et al. (1984) , insofar as unsignaled periodic availability of food almost never entrained the free-running rhythms. The findings obtained in the two studies differ with regard to anticipatory behavior. The rhythms of lever pressing recorded in the monkeys at Boston showed both a 24-hr component that anticipated the time of feeding, and a component that was in phase with the free-running activity rhythm. In our animals anticipation was present during entrainment by LD, and in one animal during entrainment by RF to 24.5 hr, but hardly ever expressed when the rhythms were free-running. In other words, the records of our animals did not suggest to us the existence of two components, one of which is entrainable by food while the other one is free-running. At least, we have no reason as yet to assume that in squirrel monkeys RF uncouples from the circadian system a subcomponent that has oscillatory capabilities. Hence, we are hesitant to consider the circadian system of the squirrel monkey equal to that of the rat, in which the food-entrainable component is not only clearly expressed but also follows the rules of entrainment , in LL as well as in LD (Aschoff, 1986, Figs. 9 and 10) .
This cautious interpretation of our data does not exclude the possibility that the squirrel monkey also possesses food-entrainable oscillators, though less easily uncoupled from the main system than those of the rat. If this assumption can be proven correct, the eventual entrainment of one animal (3) and the occurrence of relative coordination may well be explained as being mediated through coupling forces between this component and the circadian pacemaker. In the absence of more information, it seems premature to discuss possible mechanisms in detail. Instead, emphasis is placed on the fact that periodic availability of food does not provide a powerful zeitgeber to entrain (via whatever channels) the circadian pacemaker of squirrel monkeys; occasionally, entrainment may take place if T of the feeding cycle is very close to T of the free-running rhythm. In this regard, the results of our study are similar to those reported by Stephan (1986) , who saw entrainment by RF in 3 out of 15 rats when T -T was <0.1 hr.
In summary, the conclusion has to be drawn that there is still little evidence for the entrainability of the circadian pacemaker by RF in vertebrates. This seems to be true also for other classes of animals. One of the rare exceptions to this rule is provided by the honeybee, for which entrainment by food has been documented recently (Frisch and Aschoff in press).
